INTRODUCTION
Large igneous provinces (LIPs) are massive crustal emplacements of predominantly mafic (Mg and Fe rich) extrusive and intrusive rock which originate via processes other than "normal" seafloor spreading. As physical manifestations of mantle processes, these global phenomena include continental flood basalts, volcanic passive margins, oceanic plateaus, submarine ridges, seamount groups, and ocean basin flood basalts (Figure 1 and Tables 1 and 2 LIPs are globally significant. After basalt and associated intrusive rock emplaced at spreading centers, LIPs are the most significant accumulations of mafic material on the Earth's surface. They are commonly attributed to mantle plumes or hotspots [Wilson, 1963; Morgan, 1971 Morgan, , 1981 and presently account for between 5% and 10% of the heat and magma expelled from the mantle [Davies, 1988; Sleep, 1990] . However, these fluxes are not distributed evenly in space and time; their episodicity punctuates the relatively steady state production of crust at seafloor spreading centers (Figure 2) [Larson, 1991b] . LIPs therefore provide windows into those regions of the mantle which do not generate normal mid-ocean ridge basalt. Seismic tomography suggests that velocity structure beneath mid-ocean ridges is different than that beneath hotspots [e.g., Dziewonski and Woodhouse, 1987] , implying shallower, passive upwelling beneath ridges and Copyright 1994 by the American Geophysical Union. most abundant rock types are typically subhorizontal, subaerial basalt (mostly tholeiitic) flows, some of which extend for many hundred kilometers and have volumes as great as several thousand cubic kilometers [e.g., Tolan et al., 1989] . Felsic and intermediate rocks also occur as lavas and intrusives and are mostly associated with initial and late emplacement stages, while flood basalts largely uncontaminated by crustal components represent the most intense, transient eruption period. Relative to mid-ocean ridge basalt (MORB), major element compositions of continental flood basalts are much more diverse [Macdougall, 1988a] . Fractionated components are more common, and both alkalic and tholeiitic differentiates occur.
Petrologic and geochemical studies of rocks from LIP environments suggest lower to upper mantle sources for the magma. A consensus has developed on the basis of isotopic taxonomy that at least four different source reservoirs persist in the mantle: depleted MORB mantle (DMM), high U/Pb ratio (HIMU) and enriched mantle 1 and 2 (EM1 and EM2) [Zindler and Hart, 1986 In deep ocean basins, the largest LIPs are oceanic plateaus: broad, more or less flat-topped features which generally lie 2000 rn or more above the surrounding seafloor. They are formed by mafic volcanism and associated intrusive activity; their extrusive cover may be emplaced either in subaerial (e.g., Kerguelen Plateau) [Coffin, 1992] or submarine (e.g., Ontong Java Plateau) [Tarduno, 1992] environments. Oceanic plateaus are commonly isolated from major continents. Their crustal thickness is anomalously greater than that of adjacent oceanic crust, and their age may or may not be similar to that of adjacent crust. Another category of oceanic LIP is submarine ridges, which are elongated, steep-sided elevations of the seafloor. They may be of continental or oceanic origin, and we only consider the latter herein. Submarine ridges are commonly characterized by varying topography, and those of basaltic nature may be created either on or off the axes of spreading centers. As with oceanic plateaus, their volcanic upper crust may be emplaced either subaerially or under water [Coffin, 1992] . Closely related to submarine ridges are seamounts, which are local elevations of the seafloor.
Seamounts are flat-topped (guyot) or peaked mafic volcanoes whose last stages of construction were in a subaerial or a submarine environment, respectively. They may be discrete, arranged in a linear or random grouping, or connected at their bases and aligned along a ridge or rise. The least studied LIPs are ocean basin flood basalts, which are thick, extensive submarine flows and sills lying above and postdating oceanic igneous basement. Recently, K. Hinz (personal communication, 1992) has discovered thickened oceanic crust and dipping intrabasement reflectors in deep ocean basins with linear seafloor spreading-type magnetic anomalies. We term this crustal type anomalous seafloor spreading crust.
Surface manifestations of the LIP types above record important spatial and temporal characteristics related to magma production. Many LIPs result from long-lived magmatic sources in the mantle, sources which initially transfer huge volumes of mafic rock into the crust over short intervals (• 1 m.y.) but which later transfer material at a far lesser rate, albeit over long intervals (10-100 m.y.).
Transient magmatism during LIP formation is most clearly documented for continental flood basalts and volcanic passive margins (Figure 1 and Tables 1 and   2 (Figure 2) [e.g., Larson, 1991b] . To date, there has been no detailed explanation as to why this peak occurred, although recent speculation has centered on heightened activity at the coremantle boundary (D" layer) preceding crustal emplacement of numerous LIPs in the Pacific Ocean [Larson, 1991a, b] , including the largest known igneous province, the Ontong Java Plateau. Crustal production at midocean ridges has varied far less than LIP crustal production over the past 150 m.y. [Larson, 1991b] Emplacement rates are calculated using our volume determinations and published age information. Given existing data, we believe our estimated dimensions of the five LIPs are the best now available, despite significant uncertainties. Nonetheless, absolute values will undoubtedly change with new data.
Below we describe and discuss parameters of relatively well-sampled LIPs representing each of the three major categories: oceanic plateaus, volcanic margins, and continental flood basalts.
Giant Oceanic Plateaus
The Ontong Java Plateau ( The Deccan traps are predominantly tholeiitic basalts, although alkalic, felsic, and ultramafic intrusive suites form lithologically distinct but volumetrically negligible components [Mahoney, 1988] . Trace elements and isotopic ratios vary considerably within the province, and bulk compositions change as well, but most evidence suggests that the depleted source of most tholelites is homogeneous, arguing that continental lithosphere is not the major basalt source. According to Biswas and Thomas (Figure t0) . Furthermore, we note that degrees of partial melting are likely to be higher beneath thinner oceanic lithosphere than beneath thicker continental lithosphere, which suggests that thermal anomalies responsible for the North Atlantic volcanic province, Deccan traps, and Columbia River basalts may tend toward our maximum dimensions (Figure t0) Each mantle plume model should predict characteristic lithospheric uplift and subsidence histories associated with LIP emplacement and evolution. Experimental results of "active" plume modeling predict surface uplift on a wavelength comparable to the diameter of the plume, uplift which commences before extension and ---25 m.y. prior to maximum uplift (Figure 11a) and their relationship to continental and oceanic breakup. Although available data may be interpreted both in terms of "active" and "passive" asthenospheric upwelling, melt volumes and geological settings of many LIPs suggest a combination of the two geodynamic models by an active thermal source impinging on lithosphere under extension. Therefore different models for generating LIPs are not necessary mutually exclusive, and components of them may contribute to the observed tectonomagmatic emplacement history.
ENVIRONMENTAL IMPLICATIONS
Construction of transient LIPs has the potential to induce environmental change and affect biotic evolution and extinction primarily because of (1) geometrical changes of the Earth's surface, in particular, changing of the ocean basin geometry, (2) chemical and physical changes of the hydrosphere caused by interaction of lava and seawater, and (3) increased transfer of gases and particulate matter to the atmosphere during eruptions (Figure 14) . Consequences of LIP emplacement on basin geometry and on the biosphere may occur on local, regional, and global scales [Lockley, 1990] . Moreover, the fact that many oceanic plateaus are isolated from continental detritus and usually lie above the surrounding seafloor and well above the calcium carbonate compensation depth makes them repositories of sediment deposited at varying paleodepths, commonly without major hiatuses. Thus LIPs which are "active" in forming or changing the environment also provide an opportunity to study environmental change by serving as "passive" sediment repositories [Coffin and Eldholm, 1991 ].
The intense debate on extraterrestrial impact versus endogenous mechanisms for changes at the Cretaceous-Tertiary (K-T) boundary [e.g., Lockley and Rice, 1990; Sharpton and Ward, 1990] has to some extent overshadowed the important message: the temporal proximity of LIP emplacement and environmental change (e.g., Figures 2 and 15) . Durations of these mechanisms are distinctly different, and also, it is difficult to clearly determine the cause and effect relationships of tectonomagmatic events and global environmental events. LIP formation, in particular, is associated with many individual factors of different duration and polarity that alone or combined, impact on the environment; the geologic record reflects the sum of these factors and provides few clues for differ- 
tip Properties
Great variability in LIP magnitude and emplacement rates (Figures 2, 6 , and 10 and Table 3) does not have to translate directly to a corresponding scale of environmental impact; such a direct correlation with size may, in fact, be misleading. Admittedly, the largest igneous province represents greatly increased crustal production (Figure 2 ) and associated uplift, factors that influence basin geometry and eustatic sea level [Pitman, 1978] . However, other significant factors or combinations of factors may not be directly related to LIP size [Self and Rampino, 1988 (Table 3) . Although these values are still considered uncertain, eruption rates are of the same order of magnitude for the three types of LIPs studied and the giant oceanic plateaus are characterized by maximum average rates. We emphasize that the rates in Table 3 are averaged over large areas and time periods, whereas the actual eruption history probably consisted of many intense, voluminous, discrete events separated by quiet intervals [Eldholm et al., 1989; White, 1989b] . Regardless, these calculations and the variable biotic response to LIP emplace-32, 1 / REVIEWS OF GEOPHYSICS ment show that LIPs smaller than the giant oceanic plateaus must be considered.
Although The significance of such gatekeepers, which significantly affect the global transport system of heat and moisture, depends on their location, areal extent, and depth profile. The marine environment responds rapidly to physical oceanographic events of this kind, and establishment of gateways is well documented in the sedimentary record [Hay, 1988] . Previously, ocean basin evolution and fragmentation, and thereby gateway development, have been related to plate tectonic events and the subsidence history of persistent LIPs, or hotspot trails (e.g., the Greenland-Scotland ridge, Walvis Ridge-Rio Grande Rise). Formation of the North Atlantic volcanic province (Figure 7) , however, introduced an additional component of basin fragmentation associated with synrift uplift and buildup of extrusive complexes which significantly influenced regional circulation and sedimentation and may have delayed opening of gateways as well as contributed to biotic endemism [Eldholm, 1990] .
Compared with a "standard" plate tectonic model of ocean basin development characterized by initial subsidence and basin widening and deepening with time, oceanic LIP formation, either at plate boundaries or intraplate, represents an additional event of basin deformation which might change water mass circulation patterns both on regional and global scales. Although LIP emplacement normally will affect both surface and deep waters, the impact on surface water is most significant during the constructional phase, while the impact on bottom-water circulation might last for longer periods. In addition, the surface waters above some LIPs may be affected by topographic upwelling which may enhance productivity.
Impact on the Biosphere
Submarine volcanism might contribute to biotic change, including mass extinction events, by addition of trace metals such as As, Sb, and Se, which are poisonous to marine life. Through heat output, undersea volcanism also destabilizes the water column, inducing large-scale overturn affecting surface-dwelling organisms. Furthermore, release of volatiles such as CO2 and their redistribution through the ocean might lead to changes in the alkalinity of the ocean affecting climate and marine life. Increased CO2, in particular, may cause dissolution of carbonate. This would augment high-productivity episodes recorded as black shales during oceanic anoxic events [Schlanger and Jenkyns, 1976] . Pacific Ocean sediment records intervals of major carbon burial at 91, 112, and 117.5 Ma, which correspond to patterns of biotic evolution [Sliter, 1992] . The two oldest events are approximately contemporaneous with formation of the Ontong Java and Kerguelen LIPs, respectively (Figures 2 and 15) 
Resources
Relations between LIP emplacement and regional and global environmental events may have implications for resource generation and accumulation [Keith, 1982] . Larson [1991a] pointed out the coincidence of Early Cretaceous superplume formation, global temperature increase, black shale deposition, eustatically transgressive sea level, and oil generation. The resulting flooded continental platforms would promote marine deposition of organic carbon (phytoplankton) that would later mature and form oil. He also explained the large Pennsylvanian-Permian coal deposits by a similar superplume coinciding with sea level fall.
On volcanic margins, several factors may relate to hydrocarbon potential [Eldholm, 1991; Skogseid et al., 1992b] . First, LIP emplacement affects prerift sedimentary basins on the incipient margin by regional uplift, erosion, tectonism, and emplacement of intrusive and extrusive rock complexes. Second, the thermal anomaly responsible for LIP formation might affect maturation. Third, regional synrift uplift provides an additional source area for synrift and postrift sediment. If basin fragmentation during rifting and initial continental margin development forms restricted and poorly ventilated basins during hot and humid climates thereby enhancing biological productivity, local potential lacustrine or marine source rocks may develop. This setting existed during breakup of the North Atlantic, and a similar setting should be considered for anoxic sequences along other passive continental margins, such as the Early Cretaceous South Atlantic. 
